Introduction {#s1}
============

Induced pluripotent stem cells (iPSCs) are a valuable source for generating retinal pigment epithelium (RPE) for transplantation to alleviate visual impairment associated with age-related macular degeneration, a disease that afflicts 20 to 25 million people worldwide \[[@B1], [@B2]\]. On the basis of pioneering work done with in vitro RPE differentiation and with surgical techniques to transplant RPE monolayers in the eye \[[@B3]--[@B6]\], pluripotent stem cell-derived RPE is considered an ideal target for the development and optimization of stem cell therapy. However, generating stem cell-based therapy requires well-defined and authenticated iPSC-RPE \[[@B7]\].

The RPE is a monolayer of pigmented, hexagonal cells connected by tight junctions that compose part of the outer blood-retina barrier and that support photoreceptor function by the coordinated action of multiple regulatory mechanisms that act in and around the subretinal space (SRS) \[[@B8]--[@B16]\]. The highly polarized distribution of a cassette of apical and basolateral membrane ion channels, receptors, and transporters are essential for maintaining these specialized functions and facilitating communication with adjacent photoreceptors \[[@B17]--[@B20]\]. For example, the light-induced ATP increase in the SRS activates calcium signaling within the RPE via apical membrane purinergic P2Y~2~ receptors \[[@B19], [@B21]\]. Subsequent downstream signaling leads to the inhibition of apical membrane K^+^ channels and the activation of basolateral membrane Cl^-^ channels that along with the appropriate counter ions osmotically drive fluid across the epithelium from the retinal to choroidal side of the tissue. In vivo, transitions between light and dark likely trigger the RPE purinergic response and require the coordination of multiple signaling pathways within the retina/RPE complex \[[@B19], [@B21]--[@B23]\]. The subsequent increase in fluid absorption helps regulate and maintain changes in SRS hydration, chemical composition, and retinal adhesion \[[@B19], [@B24]--[@B26]\].

To date, studies on the characterization of iPSC-derived RPE have focused on select protein biomarkers, gene expression, and limited functional assays. These studies are valuable but lack a direct comparison of the iPSC-derived RPE to the physiology of human fetal retinal pigment epithelium (hfRPE) that well mimic the native tissue and also respond in vitro to stimuli that accompany light onset/offset \[[@B10], [@B19], [@B25]--[@B34]\]. For example, Kamao et al. generated and characterized iPSC-RPE sheets that exhibited typical RPE protein markers, gene expression, and polarized growth factor secretion comparable to human fetal RPE \[[@B35]\]. Transplantation of iPSC-RPE sheets into the Royal College of Surgeons rat SRS increased outer nuclear layer thickness suggesting restoration of defective photoreceptor function in this retinal degeneration model. However, the physiology and immunoregulatory capacity of these cells remain largely unexplored. In another study, Brandl et al. measured vascular endothelial growth factor (VEGF)-A secretion and image-based phagocytosis in fibroblast-derived iPSC-RPE, but in these cell lines VEGF-A secretion was predominantly apical, suggesting that they had not attained proper polarization \[[@B36]\].

Kokkinaki et al. have made a relatively broad attempt to characterize iPSC-RPE polarity and function \[[@B37]\]. They performed image-based analysis of phagocytosis using fluorescent latex beads, polarized secretion of VEGF, and gene expression analysis of 89 genes selected for their expression in human fetal and adult RPE \[[@B32]\]. However, the author's claim that single-cell TTX-sensitive Na currents observed in their iPS-derived RPE represents a property of native tissue is controversial given the extensive prior evidence indicating that these currents are an artifact of cell culture and are not seen in native RPE \[[@B38], [@B39]\]. These experiments were performed on cells plated onto poly-[d]{.smallcaps}-lysine and laminin coated glass coverslips. It has been shown that under these culture conditions retinal pigment epithelial cells are unpolarized and lack hexagonal shape and pigmentation and consequently have a tendency to transdifferentiate into a neuronal phenotype \[[@B29], [@B39], [@B40]\].

In the present study, we have used multiple donors and tissues from these donors to estimate the amount of biological variation among iPSC clones and donors. Rather than limiting our analysis to single cells or to the collective ability of individual cells to perform RPE-like functions (e.g., phagocytosis), we employed functional assays (calcium imaging, electrophysiology, fluid transport) that closely assess the integrity of the intact monolayer. Focus is placed on the ATP-mediated purinergic pathway given its broad involvement in RPE physiology. Direct comparisons with previously well-characterized primary cultures of human RPE have been used to evaluate and rank the overall molecular, structural, and physiological properties of the iPSC-derived RPE from different clones and donors \[[@B33], [@B34]\]. Our goal is to provide an extensive functional assessment of intact RPE monolayers that can be used to benchmark differences attributed to donor and clonal variability and serve as a reference for authenticating RPE derived from any pluripotent stem cell source.

Materials and Methods {#s2}
=====================

Immunostaining of iPSC-RPE Monolayers for RPE Protein Biomarkers {#s3}
----------------------------------------------------------------

iPSC-RPE were washed three times with phosphate buffered saline Tween 20 (PBST) (0.5% Tween 20 in 1× phosphate buffered saline \[PBS\]), before fixing in 2% paraformaldehyde (PFA) for 20 minutes at room temperature (RT). Following three additional washes with PBST, cells were permeabilized with immunocytochemistry (ICC) blocking buffer (1× PBST, 0.5% bovine serum albumin \[BSA\], 0.5% Tween 20, 0.05% sodium azide, 0.1% Triton X-100) for 1 hour. RPE monolayers were incubated with primary antibodies against ezrin (E8897; 1:200; Sigma-Aldrich, St. Louis, MO, <https://www.sigmaaldrich.com>); collagen IV (ab6311; 1:100; Abcam, Cambridge, MA, [www.abcam.com](http://www.abcam.com)); ALDH1A3 (ab80176; 1:100; Santa Cruz Biotechnology, Santa Cruz, CA, <http://www.scbt.com>); and TYRP1 (ab89635; 1:100; Santa Cruz Biotechnology). Samples were left at RT for 1 hour followed by overnight incubation at 4°C. Samples were washed three times with PBST before adding appropriate Alexa Fluor 555 tagged secondary antibodies (1:1000; Thermo Fisher Scientific, Waltham, MA, [www.thermofisher.com](http://www.thermofisher.com)), Phalloidin 488 (1:200; catalog no. A12379; Thermo Fisher Scientific), and Hoechst (1:2000; catalog no. H3570; Thermo Fisher Scientific). Samples were dark incubated on a rocker for 1 hour. Following three washes with PBST, samples were mounted on a glass slide with Fluoromount-G aqueous mounting medium (catalog no. 0100-01; SouthernBiotech, Birmingham, AL, <https://www.southernbiotech.com>) and imaged with a Zeiss Axio Imager M2 microscope with Apotome 2 and Zen 2012 software (Carl Zeiss AG, Oberkochen, Germany, <http://www.zeiss.com>).

Quantitative Reverse Transcription-Polymerase Chain Reaction Analysis of mRNA and miRNA Expression {#s4}
--------------------------------------------------------------------------------------------------

Total RNA was isolated using NucleoSpin RNA (catalog no. 740955; Machery-Nagel, Düren, Germany, <http://www.mn-net.com>) and microRNA was purified using mirVana miRNA isolation kit (Ambion; Thermo Fisher Scientific) per manufacturer's protocol. RNA and miRNA concentration was quantified using an ND-1000 spectrophotometer (Nanodrop Technologies, Wilmington, DE, <http://www.nanodrop.com>). Reverse transcription of mRNA to cDNA was performed using a SuperScript III First-Strand Synthesis kit (catalog no. 11904-018; Thermo Fisher Scientific) and miScript II RT Kit (Qiagen, Hilden, Germany, <https://www.qiagen.com>) was used for miRNA using manufacturer's instructions. The cDNA was diluted to working concentrations of 1 ng/µl. For gene expression, 2 ng of cDNA was loaded into each well with 4 µl of RT^2^ SYBR Green qPCR Mastermix (catalog no. 330503; Qiagen) and water. Custom 359-gene plates were purchased and were developed using validated primer sets (catalog no.CAPH10484E; Qiagen). Quantitative polymerase chain reaction (qPCR) for miRNA was run using miScript SYBR Green PCR Kit (Qiagen) according to manufacturer's protocol on a ViiA 7 Real-Time PCR System (Thermo Fisher Scientific). A custom miScript miRNA PCR Array (catalog no. CAIH0031E; Qiagen) included 88 miRNAs, which were grouped for analysis: RPE (23), retina (13), choroid (18), embryonic stem (ES) (21), and differentiation (13). Four house-keeping miRNAs (SNORD48, SNORD47, SNORD44, RNU6-2) were used as internal controls. Relative quantification was calculated using the 2^-ΔΔCT^ method \[[@B41]\].

Intracellular Ca^2+^ Imaging {#s5}
----------------------------

A ratiometric dye, Fura-2 AM (F1221; Molecular Probes; Thermo Fisher Scientific), was used to measure the intracellular free Ca^2+^ concentration in iPSC-RPE. Samples were incubated with 33 µM Fura-2 a.m. and 0.07% Pluronic F-127 (P3000MP; Molecular Probes; Thermo Fisher Scientific) at RT for 1 hour in ringer supplemented with 1 mM probenecid to block the efflux of the cytosolic dye. The dye-loaded samples were mounted into a modified Üssing chamber permitting independent perfusion of apical and basal bath. A polychrome V monochromator (TILL Photonics; FEI Life Sciences, Hillsboro, OR, <http://www.fei.com>) was used in conjunction with custom software written in LabVIEW to provide high speed photic excitation between 340 nm and 385 nm every 0.5 second and a photomultiplier tube measured the emission fluorescence at 510 nm.

Electrophysiological Recordings {#s6}
-------------------------------

RPE monolayer cultures derived from iPSC lines were mounted on a modified Üssing chamber as described previously for primary hfRPE \[[@B19], [@B22]\]. Calomel electrodes in series with Ringer's solutions and agar bridges were used to measure the transepithelial potential (TEP). The signals from intracellular microelectrodes were referenced to the basal bath to measure the basolateral membrane potential (V~b~) and the apical membrane potential (V~a~) was calculated by the equation: V~a~ = V~b~ − TEP. The total transepithelial resistance (R~t~), and the ratio of the apical to basolateral membrane resistance (R~A~/R~B~) were obtained by passing 2--4 μA current pulses across the tissue and measuring the resultant changes in TEP, V~a~, and V~b~.

Fluid Transport Across iPSC-RPE Monolayer {#s7}
-----------------------------------------

Transepithelial fluid absorption rate (J~v~) was measured using a capacitance probe (MTI Instruments, Albany, NY, <http://www.mtiinstruments.com>) technique as described previously \[[@B11], [@B16], [@B22], [@B33]\]. Fluid transport measurements were performed in minimal essential medium supplemented with 0.3% (w/v) taurine, hydrocortisone, triiodo-thyronin (THT). Briefly, RPE monolayers cultured on transwells were mounted in a modified Üssing chamber made of Kel-F and maintained in an incubator at 37°C with a humidity of 50%. The columns of fluid were topped with mineral oil and a floating Kel-F disc to reduce evaporation.

Statistical Analysis {#s8}
--------------------

All data were presented as mean +/− SEM and statistical analysis was performed using a two-tailed *t* test with 95% confidence interval. Data were considered significant at *p* values \< .05.

Results {#s9}
=======

We generated 15 different iPSC lines from genetically and epigenetically diverse tissue sources with the goal to identify functional variation among iPSC-RPE and establish robust criteria for authenticating iPSC-RPE. Seven iPSC lines were derived from fetal ocular tissues (RPE or cornea) from the same donor. Eight lines were generated from three epigenetically distinct adult ocular tissues (RPE, cornea, or sclera) from three different donors ([Table 1](#T1){ref-type="table"}). Three genetically independent cultured confluent monolayers of hfRPE were included for comparison, because their physiology has been broadly analyzed and found to resemble native human RPE \[[@B31], [@B33], [@B42]\]. The iPSC lines in this study were characterized as pluripotent and were able to differentiate into all three germ layers ([supplemental online Fig. 1A, 1B, 1C](http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2016-0037/-/DC1)). Furthermore, irrespective of the starting tissue, all iPSC lines differentiated into RPE. Although the efficiency of differentiation varied, it was not correlated with tissue origin.

###### 

Fifteen human iPSC lines were generated and differentiated into retinal pigment epithelium

![](sctm_20160037t1)

For all experiments, iPSC-RPE were cultured on semipermeable transwell membranes as confluent monolayers. All iPSC-RPE expressed the key RPE proteins EZRIN, COLLAGEN IV, TYRP1, and ALDH1A3 (representative lines shown in [Fig. 1A](#F1){ref-type="fig"}). Ultrastructural comparisons were performed by transmission electron microscopy (TEM) ([supplemental online Fig. 2](http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2016-0037/-/DC1)). These initial experiments demonstrate that using the present techniques most RPE derived from different iPSCs are structurally and morphologically similar to each other, irrespective of genetic and epigenetic differences of the starting tissue sources.

![Signature protein markers and mRNA and miRNA expression profiles of iPSC-RPE. **(A):** Each image shows an en face view of the RPE monolayer immunostained for typical RPE markers with the maximum-intensity projection through the *z*-axis. RPE were stained with antibodies against an apical marker (EZRIN-red), a basal marker (COLLAGEN IV-red), a visual cycle protein (ALDH1A3-red), and a pigmentation protein (TYRP1-red). Phalloidin (green) was used to visualize cell boundary. Scale bar: 20 µm. (**B--E):** mRNA and miRNA expression. iPSC-RPE derived from different tissue sources are shown as (cross: hfRPE, circle: fetal, square: adult). Filled shapes denote RPE-derived iPSC-RPE, whereas open shapes denote cornea- or sclera-derived iPSC-RPE. Every donor is represented by a different color. Numerals at the end of each iPSC name distinguish the donors and are separated by a dash with numbers indicating different clones from that donor. iPSC-RPE that share similar expression cluster together and identify potential outliers. **(B):** Mean expression of adult RPE-specific genes is plotted against the mean expression of fetal RPE-specific genes. **(C):** Mean expression of RPE-signature genes (sig) plotted against developmental, non-RPE genes. **(D):** Mean expression of miRNAs associated with embryonic stem cells plotted against miRNAs associated with differentiated cells. **(E):** Mean expression of tissue-specific miRNAs represented in 3 axes, for RPE (*x*-axis), retina (*y*-axis), and choroid (*z*-axis). For corresponding heat maps, see [supplemental online Figure 3](http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2016-0037/-/DC1). Abbreviations: Avg., average; hfRPE, human fetal retinal pigment epithelium; iPSC, induced pluripotent stem cell; RPE, retinal pigment epithelium.](sctm_20160037_f1){#F1}

Molecular Authentication of iPSC-RPE {#s10}
------------------------------------

The variation in mRNA and miRNA expression of the iPSC-RPE preparations was evaluated using previously published protocols to analyze expression of gene sets (163 RPE-signature genes, 89 adult RPE-specific genes, 71 fetal RPE-specific genes, and 21 developmental \[non-RPE\] genes) and miRNA sets (23 RPE-enriched miRNAs, 13 retina-enriched miRNAs, 18 choroid-enriched miRNAs, 21 stem cell-enriched miRNAs, and 13 differentiated cell-enriched miRNA) \[[@B31], [@B32], [@B43], [@B44]\] ([supplemental online Fig. 3A-- 3F](http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2016-0037/-/DC1)). The expression levels represented as fold-change in each of the 15 iPSC-derived RPE samples were normalized relative to the expression data from hfRPE ([supplemental online data](http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2016-0037/-/DC1)).

Most iPSC-derived RPE are molecularly authentic and share similar levels of normalized mRNA and miRNA expression to each other and are within two- to fourfold of hfRPE. For each RPE sample, the mean expression of 89 adult RPE-specific genes (adult) and 71 fetal RPE-specific genes (fetal) are compared in a two-dimensional plot ([Fig. 1B](#F1){ref-type="fig"}; [supplemental online Fig. 3A, 3B](http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2016-0037/-/DC1)). iPSC-RPE shared similar fetal gene expression to primary RPE (hfRPE1-3, black crosses); however, many lines displayed a more adult-like pattern (fR-iPSC-RPE1-1; fC-iPSC-RPE1-1,3; aS-iPSC-RPE3; aR-iPSC-RPE4-1,2). In addition, the gene expression profiles showed pronounced donor-to-donor and clone-to-clone variability. For example, aR-iPSC-RPE4-1,2 and aC-iPSC-RPE4-1 (orange solid/open squares) derived from one adult donor showed higher expression overall of both adult and fetal RPE-specific genes compared with iPSC-RPE from other donors ([Fig. 1B](#F1){ref-type="fig"}), providing evidence for interdonor variability.

Consistent with this result, the expression profile of RPE signature versus developmental genes ([Fig. 1C](#F1){ref-type="fig"}; [supplemental online Fig. 3C, 3D](http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2016-0037/-/DC1)) show that some iPSC-RPE (such as, aR-iPSC-RPE4-1,2 and aC-iPSC-RPE4-1) express higher levels of RPE signature genes that even further distinguish them from other cell types \[[@B32]\]. Lines derived from the same donor have minimal variance, for example, fR-iPSC-RPE1-1,2,3 (blue solid circles) derived from fetal RPE are similar in gene expression to fC-iPSC-RPE1-2,3 (empty blue circles) derived from the fetal cornea of the same donor. However, two additional iPSC-RPE from this same donor, fC-iPSC-RPE1-1 and fR-iPSC-RPE1-4, show significantly higher expression of developmental genes, additionally indicating clone-to-clone variation in iPSC-RPE. Closer examination of the developmental genes expressed in these two outliers revealed an upregulation of *KLF4* (44, 75-fold respectively) and *SOX2* (28-fold in fR-iPSC-RPE1-4), suggesting that these pluripotent genes were not completely silenced upon differentiation ([supplemental online Fig. 3D](http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2016-0037/-/DC1)).

MicroRNAs provide fine-tuned regulation of gene expression to control a stably differentiated cell fate. Specific miRNAs are expressed in pluripotent stem cells and in retinal pigment epithelial cells \[[@B31], [@B43], [@B45], [@B46]\]; therefore, we assessed whether iPSC-RPE exhibited developmental stage-specific miRNA expression that could be used to identify incompletely differentiated RPE. A comparison of the average ES cell-specific and differentiation-associated miRNAs confirmed that the majority of iPSC-RPE formed a tight cluster around the control hfRPE showing their close similarity in expression. ES cell-specific miRNAs were repressed to levels similar to primary hfRPE, consistent with maintenance of the differentiated state ([Fig. 1D](#F1){ref-type="fig"}; [supplemental online Fig. 3E](http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2016-0037/-/DC1)). Two iPSC-RPE, fR-iPSC-RPE1-2 (blue solid circle) and fC-iPSC-RPE1-1 (blue open circle), continued to express significantly higher level of ES miRNAs (especially hsa-mir-302c, hsa-mir-367, and hsa-mir-371) as compared with hfRPE ([Fig. 1D](#F1){ref-type="fig"}). The TEM for fC-iPSC-RPE1-1 ([supplemental online Fig. 2](http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2016-0037/-/DC1)) revealed an absence of apical processes and loss of typical epithelial morphology, consistent with its abnormal expression of developmental genes and ES cell-associated miRNAs ([Fig. 1C](#F1){ref-type="fig"}, [1D](#F1){ref-type="fig"}).

Tissue-specific miRNAs play a role in maintaining tissue differentiation, identity, and function; therefore, we assessed the expression of previously published RPE, retina, and choroid-associated miRNAs \[[@B31]\]. As illustrated in [Figure 1E](#F1){ref-type="fig"}, the profiles of most iPSC-RPE preparations are similar to primary hfRPE, whereas fR-iPSC-RPE1-2 and fC-iPSC-RPE1-1 show a distinct expression well apart from the other iPSC-RPE with higher expression of choroid and retina-associated miRNAs. Taken together, our results indicate that starting tissue and epigenetic status do not necessarily determine the expression of tissue-specific miRNAs in differentiated iPSC-RPE ([supplemental online Fig. 3F](http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2016-0037/-/DC1)).

Functional Authentication of iPSC-RPE {#s11}
-------------------------------------

The RPE is one of the most active phagocytic cells in the body; its diurnal renewal of photoreceptor outer segments maintains the health and integrity of the distal retina \[[@B47], [@B48]\]. Phagocytic assays revealed that most of the iPSC-RPE were comparable to hfRPE, except for fC-iPSC-RPE1-2 and aR-iPSC-RPE3, which had significantly lower phagocytic capacity ([supplemental online Fig. 4](http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2016-0037/-/DC1)). These iPSC-RPE had not been identified previously as outliers by structural analysis or gene expression suggesting that evaluation of cellular function is a potential tool for discerning the quality of iPSC-RPE. The intactness of the epithelial sheet and the electrical activity of the RPE monolayer are essential for its function; thus, iPSC-RPE are more fully characterized by assessing the responses of confluent monolayers rather than individual cells \[[@B49]\]. Therefore, we expanded our functional analysis of the intact monolayer to several components of the ATP-mediated purinergic signaling pathway, critical elements in controlling the chemical composition and volume of the SRS \[[@B19], [@B22], [@B23], [@B50], [@B51]\]. Four representative iPSC-RPE were selected from the complete dataset to illustrate comparisons to hfRPE, two derived from adult donor-matched RPE and cornea, and two from fetal donor-matched RPE and cornea ([Figs. 2](#F2){ref-type="fig"}--[4](#F4){ref-type="fig"}). The full data set along with statistical analysis for all iPSC-RPE is shown in [supplemental online Figures 5-- 7](http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2016-0037/-/DC1)and [supplemental online Tables 1-- 3](http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2016-0037/-/DC1). The ATP pathway examined is initiated at the apical membrane by the activation of P2Y~2~ receptors as schematically shown in [Figures 2A](#F2){ref-type="fig"}--[4A](#F4){ref-type="fig"} and includes the apical ATP-induced changes in (1) calcium signaling, (2) electrical responses, and (3) fluid transport.

![ATP-induced Ca^2+^ increase in human iPSC-RPE indicates intact Ca^2+^ signaling. **(A):** Schematic illustrating binding of ATP to purinergic receptors P2Y~2~ on the RPE apical surface leads to an increase in cytosolic IP~3~ and subsequent release of Ca^2+^ from the ER (shown in yellow). The inhibition of ER Ca^2+^-ATPase with CPA prevents refilling of ER Ca^2+^ stores, thus blocking the ATP-evoked response, which is also affected by the polarized distribution of receptors, ion channels, and transporters including the apical membrane Na^+^/K^+^-ATPase, Na^+^/K^+^/2Cl^-^ cotransporters, K^+^ channels, and Na^+^/HCO~3~^-^ exchangers, as well as basolateral membrane CaCC, CFTR Cl^-^ channels, K^+^ channels, and Cl^-^/HCO~3~^-^ exchangers. (**B):** Representative traces of ATP-induced Ca^2+^ responses in primary hfRPE or iPSC-RPE were obtained using the ratiometric dye Fura-2 a.m. In both primary hfRPE and iPSC-RPE, ATP induces a transient Ca^2+^ peak initiated by the ER Ca^2+^ release followed by a sustained plateau resulting from extracellular Ca^2+^ influx (possibly through Orai channels). CPA inhibits reuptake of Ca^2+^ into the ER and thus largely blocks the ATP-induced response. Black bars indicate duration of ATP or CPA application. Time scale bar: 2 minutes. Note: Data not available for fC-iPSC-RPE1-3. **(C):** Summary data for mean intracellular resting Ca^2+^ and the ATP-evoked peak Ca^2+^ increase for different iPSC-RPE. The measurements for each line were repeated at least three times and the data from three hfRPE donors were averaged as the control. ∗*p \<* .05, indicating significant difference as compared with hfRPE control. See [supplemental online Figure 5 and supplemental online Table 1](http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2016-0037/-/DC1) for additional information. Abbreviations: Ap, apical; CPA, cyclopiazonic acid; CaCC, Ca^2+^-activated Cl^-^ channel; CFTR, cystic fibrosis transmembrane conductance regulator; ER, endoplasmic reticulum; hfRPE, human fetal retinal pigment epithelium; iPSC, induced pluripotent stem cell; RPE, retinal pigment epithelium.](sctm_20160037_f2){#F2}

![ATP-induced electrical responses in human iPSC-RPE. **(A):** The elevated cytosolic Ca^2+^ in response to ATP stimulation causes the activation of a basolateral membrane CaCC followed by a decrease in apical membrane K^+^ conductance (shown in yellow), thus leading to electrical responses across the RPE monolayer. **(B):** Representative electrical responses of human iPSC-RPE to apical perfusion of low K^+^ and ATP. For each graph, the top panel shows the changes of apical membrane potential (V~a~, blue line), basolateral membrane potential (V~b~, red line) and the ratio of apical to basal membrane resistance (R~a~/R~b~, black line); The bottom panel shows transepithelial potential (TEP, red line) and total tissue resistance (R~t~, black line). V~a~, V~b~, R~a~/R~b~, TEP, and R~t~ were measured simultaneously in each experiment. The black horizontal bars indicate the time during which 1 mM K^+^ or 100 µM ATP were perfused to the apical bath. Time scale bar: 5 minutes. Similar to the primary hfRPE, iPSC-RPE responded with membrane hyperpolarization when apical K^+^ concentration was reduced to 1 mM and with membrane depolarization when ATP was added to the apical bath. **(C):** Summary data for V~a~ baseline and low K^+^/ATP-induced V~a~ changes. (**D):** Summary data for R~t~ baseline. **(E):** Summary data for TEP baseline and low K^+^/ATP-induced TEP changes. The measurements for each line were repeated at least three times and the data from three hfRPE donors were averaged as the control. ∗*p \<* .05, indicating significant difference as compared with hfRPE control. See [supplemental online Figure 6 and supplemental online Table 2](http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2016-0037/-/DC1) for additional information. Abbreviations: Ap, apical; CaCC, Ca^2+^-activated Cl^-^ channel; CFTR, cystic fibrosis transmembrane conductance regulator; hfRPE, human fetal retinal pigment epithelium; iPSC, induced pluripotent stem cell; RPE, retinal pigment epithelium; TEP, transepithelial potential.](sctm_20160037_f3){#F3}

![ATP-induced transepithelial fluid transport across human iPSC-RPE. **(A):** ATP stimulation elevates intracellular Ca^2+^ levels and activates CaCC on the RPE basolateral membrane. The movement of Cl^-^ from the subretinal space toward the choroid helps drive osmotically obliged transport of fluid across the RPE monolayer (shown in yellow). **(B):** Representative traces of steady-state transepithelial fluid absorption mediated by ATP in hfRPE or iPSC-RPE. Net fluid absorption (J~v~, black dots) across the RPE is plotted as a function of time in the top panel of each graph. TEP (red line) and total tissue resistance (R~t~, black line) are located in the bottom panel of each graph. Similar to the primary hfRPE, addition of 100 µM ATP to the apical bath produced an increase in J~v~ accompanied with TEP increase and R~t~ decrease in all iPSC-RPE. Time scale bar: 50 min. **(C):** Summary data of J~v~ baselines and ATP-induced J~v~ responses for different iPSC-RPE. Data from three hfRPE donors were averaged as the control. \**p* \< .05, indicating significant difference as compared with hfRPE control. See [supplemental online Figure 7 and supplemental online Table 3](http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2016-0037/-/DC1) for additional information. Abbreviations: Ap, apical; CaCC, Ca^2+^ activated Cl^-^ channel; CFTR, cystic fibrosis transmembrane conductance regulator; hfRPE, human fetal retinal pigment epithelium; iPSC, induced pluripotent stem cell; RPE, retinal pigment epithelium; TEP, transepithelial potential.](sctm_20160037_f4){#F4}

As illustrated in [Figure 2B](#F2){ref-type="fig"}, apical bath application of ATP in hfRPE induced a rapid initial increase in \[Ca^2+^\]~i~ followed by a sustained plateau that was blocked by CPA, an ER Ca^2+^ uptake inhibitor \[[@B19], [@B22]\]. Two parameters were used to authenticate iPSC-RPE across all 15 preparations: (1) baseline \[Ca^2+^\]~i~ of 80--120 nM and (2) ATP-evoked changes in \[Ca^2+^\]~i~ \> 50 nM \[[@B52]--[@B54]\]. Qualitatively, ATP produced similar biphasic responses in all iPSC-RPE, suggesting that Ca^2+^ regulation is unaffected by genetic or epigenetic differences of the starting tissues used for iPSC generation ([Fig. 2B](#F2){ref-type="fig"}). Furthermore, the baseline Ca^2+^ concentration of all iPSC-RPE was not statistically different from hfRPE ([Fig. 2C](#F2){ref-type="fig"}). In contrast, the magnitude of the ATP-induced peak Ca^2+^ response varied across preparations (nM): hfRPE (149.8 ± 25.8; *n* = 11), fR-iPSC-RPE1-2 (73 ± 7.9; *n* = 6), aR-iPSC-RPE4-1 (33.5 ± 6.0; *n* = 4), and aC-iPSC-RPE4-1 (35.5 ± 2.5; *n* = 2). There were also significant differences between different donors (e.g., fR-iPSC-RPE1-2 vs. aR-iPSC-RPE4-1; *p* = .004), but not between iPSC-RPE derived from donor-matched tissues (e.g., aR-iPSC-RPE4-1 vs. aC-iPSC-RPE4-1; [Fig. 2C](#F2){ref-type="fig"}). Two lines not previously identified as outliers, aR-iPSC-RPE2 and aC-iPSC-RPE2, displayed Ca^2+^ responses less than 30 nM suggesting a deficiency in the regulation of ER Ca^2+^ homeostasis ([supplemental online Fig. 5; supplemental online Table 1](http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2016-0037/-/DC1)). Thus donor-specific changes in \[Ca^2+^\]~i~ can be used to assess the authenticity of iPSC-RPE epithelia.

Intracellular recordings of RPE membrane potential in response to apical ATP or a small decrease in apical \[K^+^\]~o~ provide another independent assessment to authenticate RPE physiology. In hfRPE, apical ATP induced a membrane depolarization, accompanied by reduction in TEP and transepithelial resistance (R~t~) ([Fig. 3B](#F3){ref-type="fig"}). Altering the apical bath K^+^ concentration from 5 to 1 mM mimics the extracellular K^+^ drop that occurs in vivo in the SRS, which is initiated by changes in photoreceptor activity following the transition from dark-to-light \[[@B55]\]. In vitro, this K^+^ decrease hyperpolarizes the RPE apical membrane, increases TEP, and decreases R~t~ ([Fig. 3B](#F3){ref-type="fig"}).

Single cell recordings of membrane potential following the addition of apical ATP or low K^+^ were practically indistinguishable in iPSC-RPE and control hfRPE ([Fig. 3C](#F3){ref-type="fig"}; [supplemental online Fig. 6](http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2016-0037/-/DC1)). In contrast, the R~t~ and TEP measurements assess the integrity of the entire polarized monolayer and thus were able to identify subtle differences between different samples. Most (13/15) of the iPSC-RPE lines possessed R~t~ \>300 Ω⋅cm^2^, indicating tight junction integrity and an intact epithelial barrier function ([Fig. 3D](#F3){ref-type="fig"}). We also found that TEP was highly variable across all iPSC-RPE with the baseline ranging from 2--10 mV, whereas the stimulated TEP responses to K^+^ and ATP varied from 1--8 mV and 0.5--5 mV, respectively. Overall, differences in baseline or stimulated TEP responses were not attributed to the starting tissue from which iPSC-RPE were derived (fR vs. fC, *n* = 3; or aR vs. aC, *n* = 3; *p* \> .05), suggesting negligible epigenetic influence on RPE electrical properties. We also observed donor-dependent TEP differences comparing across similar types of tissues in both the K^+^ response, fC vs. aC (*p* = .01; *n* = 3), and in the ATP response, fR vs. aR (*p* = .04; *n* = 3) ([Fig. 3E](#F3){ref-type="fig"}). As in the gene expression data, variability was observed between RPE derived from different iPSC clones generated from the same donor fR-iPSC-RPE1-1,3,4 ([supplemental online Fig. 6; supplemental online Table 2](http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2016-0037/-/DC1)). Therefore, the electrical recordings can identify subtle differences among different iPSC-RPE and thus provide a consistent set of parameters to authenticate iPSC-RPE.

Steady-state fluid transport across the intact epithelial monolayer is osmotically driven by active anion transport, accompanied by an appropriate counter ion, and mediated by a wide variety of cell signaling pathways following the ATP-induced activation of apical membrane P2Y~2~ receptors ([Fig. 4A](#F4){ref-type="fig"}). We measured apical-to-basal fluid absorption in all 15 iPSC-RPE following activation of the apical membrane P2Y~2~ receptors by ATP ([Fig. 4A](#F4){ref-type="fig"}). Representative hfRPE and iPSC-RPE traces are shown in [Figure 4B](#F4){ref-type="fig"}. In hfRPE, steady-state J~v~ was 6.7 ± 1.2 µl/hour/cm^2^ and apical ATP enhanced this absorption rate by approximately 50% (*n* = 18).

The steady-state J~v~ for the selected iPSC-RPE were all comparable to hfRPE and similar between preparations derived from epigenetically distinct tissues from the same donor ([Fig. 4C](#F4){ref-type="fig"}). ATP induced a significant increase in fluid absorption in hfRPE (3.1 ± 0.6 µl/hour/cm^2^; *n* = 18) and this increase was also observed in three of the four iPSC-RPE: fR-iPSC-RPE1-2, aR-iPSC-RPE-4-1, and aC-iPSC-RPE4-1.

Similar to the Ca^2+^ and electrical measurements, donor and clonal variation was predominant as compared with the epigenetic influence of the starting tissue ([supplemental online Fig. 7; supplemental online Table 3](http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2016-0037/-/DC1)). These results were independently corroborated using epinephrine to activate apical membrane α1-adrenergic receptors (data not shown) and increase net salt and fluid absorption across the RPE monolayer \[[@B16]\]. Bumetanide inhibition of the apical membrane Na, K, 2Cl cotransporter blocked the epinephrine-induced fluid transport across the RPE \[[@B56], [@B57]\]. Based on these results we conclude that the measurement of fluid flow from the apical to basal side of the RPE monolayer is a sensitive and informative assay to authenticate iPSC-RPE polarization and function.

Discussion {#s12}
==========

Our work provides a thorough dataset for authenticating iPSC-RPE and for determining the variations between genetically matched clones and between allelic heterogeneous starting tissues. As iPSC-RPE have the potential to provide an autologous or allogeneic cell-based replacement therapy, it is essential to establish acceptable limits of variability and to provide criteria for equivalence among iPSC-RPE derived from different individuals. The variability could result from four sources: (1) donor-to-donor/allelic variability, (2) retention of epigenetic memory, (3) clone-to-clone variability, and (4) the degree to which each iPSC-RPE resembles primary human fetal RPE. In this study we present detailed gene expression, structural, and functional analysis of 15 iPSC-RPE derived from different donors and tissues to systematically assess variability in RPE authentication. The heat map in [Figure 5](#F5){ref-type="fig"} is a semiquantitative summary that ranks the outcomes of all the assays.

![Ranking of overall performance of 15 iPSC-RPE preparations. mRNA and miRNA expression were normalized to hfRPE and ranked by their enrichment profiles. Functional assays were quantitatively scored relative to the physiological responses obtained from hfRPE. A nominal scale (1--5) was used to evaluate the iPSC-RPE lines, where 5 (denoted red) most closely resembles hfRPE, whereas 1 (denoted blue) bears least resemblance. Brown indicates that the data are not available. The heat map provides a graphical summary of the variability implicit in iPSC-derived RPE. iPSC-RPE with collectively low scores (lower than 3 subpar performing categories, denoted in blue) indicate inadequate attainment of the RPE phenotype (e.g., fC-iPSC-RPE3-1 and aR-iPSC-RPE5). Taking all the criteria into consideration, 20% have an overall subpar assigned ranking (less than 3, denoted blue). Abbreviations: hfRPE, human fetal retinal pigment epithelium; iPSC, induced pluripotent stem cell; RPE, retinal pigment epithelium.](sctm_20160037_f5){#F5}

Taking all the criteria into consideration, only 20% of iPSC-RPE have a subpar assigned ranking less than 3 (fC-iPSC-RPE1-1, aR-iPSC-RPE3, aS-iPSC-RPE3). Conversely, several other iPSC-RPE can be considered completely authentic based on their molecular and functional properties. Their identification is based on the authentication measures highlighted in yellow in [Figure 5](#F5){ref-type="fig"} and on the coordinated action of the ATP responses. The following three preparations were selected as optimal based on their overall evaluation score of greater than 4, and the requirement that each individual assay scored 3 or higher for each clone: aC-iPSC-RPE4-1, fC-iPSC-RPE1-2, and fR-iPSC-RPE1-3. These assays provide our most sensitive evaluation of RPE polarity to date and can sensitively distinguish differences between iPSC-RPE and, thus, extend the detection limit of genetic and structural data.

Our data also demonstrate that the function of iPSC-RPE and primary hfRPE are closely aligned and that most of the variation among different iPSC-RPE is contributed by allelic and clonal variation. Additional comparisons can be made between our iPSC-RPE results with those previously reported for cultures of adult RPE stem cell-derived RPE (RPESC-RPE) and native adult RPE \[[@B34]\]. Adult RPESC-RPE express the key characteristic features of native RPE but possessed lower transepithelial potential (1.19 ± 0.24 mV) and transepithelial resistance (178.7 ± 9.9 Ω·cm^2^) compared with hfRPE and to the iPSC-RPE used in the present study.

We find no evidence that donor age or epigenetic memory in iPSCs affect the physiology or maturation state of derived RPE. These results help corroborate recent studies showing that epigenetic memory of iPSCs does not alter their differentiation capability \[[@B58], [@B59]\].

Most iPSC lines used in this study were similarly pluripotent and had a similar in vitro capability to differentiate into all three germ layers. iPSCs were selected for differentiation into RPE between passages 12 to 29 in an attempt to establish a safe cutoff to avoid genomic changes associated with very early or very late passages resulting in higher incidences of copy number variants that may affect the physiology of resulting cells \[[@B60], [@B61]\]. Although extended passaging has been reported to increase neural differentiation efficiency from iPSCs and enhance their functional profiles \[[@B62]\], there was no indication that extended passaging of iPSCs (e.g., aR-iPSC-RPE4-1 \[p29\], aC-iPSC-RPE4-2 \[p29\], fC-iPSC-RPE1-2 \[p25\]) resulted in increased efficiency of RPE differentiation or epithelial function compared with earlier passages (e.g., fR-iPSC-RPE1-2 \[p12\], fR-iPSC-RPE1-3 \[p14\], fR-iPSC-RPE1-4 \[p13\]).

A post hoc chromosomal analysis of our iPSC lines revealed mostly normal karyotypes; however, two lines (NSCI-BC3i-aR, NSCI-BC3i-aS) presented major chromosomal abnormalities (monosomy X and an unbalanced karyotype with a derivative chromosome 20). Although their gene and miRNA expression appeared normal, these abnormalities are consistent with their poor performance in our functional analysis. Variable X-chromosome inactivation in female iPSC or reactivation in iPSC derivatives has been suggested to change their differentiation capability or cellular phenotype \[[@B63], [@B64]\]. Within the 13 female-derived iPSC lines, we did not observe any significant variability in RPE differentiation or functionality. Thus, the potential variability in X-inactivation status following cellular differentiation did not lead to changes in the RPE-specific phenotype.

Previously, Hu et al. used a spontaneous differentiation strategy to demonstrate that some iPSC lines generated from primary human fetal RPE had a higher tendency to differentiate back into RPE-like cells as compared with iPSC lines derived from non-RPE sources \[[@B65]\]. However, the iPSC lines compared in their study were not genetically identical, differentiated with variable efficiency, and lacked extensive functional analysis of iPSC-RPE. The reproducibility of our differentiation protocol enabled us to demonstrate low donor-matched variation between iPSC-RPE from different starting tissues suggesting limited epigenetic influence.

In contrast, our gene expression and physiology results revealed higher donor-to-donor variability. In accordance with our data, Kajiwara et al. also demonstrated that the genetic background of individual donors had a strong impact on the propensity of human iPSC clones for hepatic differentiation \[[@B66]\]. Comparing 28 human iPSC lines originated from various somatic cells, they found that the variations in hepatic differentiation are largely attributed to donor differences, rather than the types of the original cells \[[@B66]\]. Given that RPE differentiation was always initiated around similar iPSC passages ([Table 1](#T1){ref-type="table"}), the higher donor variability suggests the existence of allelic differences in the rate and extent to which iPSC-RPE from different donors attain an RPE-phenotype in vitro.

Thus, to fully authenticate iPSC-RPE it was necessary to use a set of assays that would additionally assess the varying degrees of polarization of the intact RPE monolayer. We first analyzed the mRNA/miRNA expression, protein localization and structural characteristics of each iPSC-RPE; these methods have commonly been used as authentication criteria for iPSC-RPE. The compactness of the gene expression data suggests that most of the lines were fully differentiated and that the epigenetic differences in starting tissue are not a major determinant of RPE phenotype. We observed no apparent difference in immunofluorescence staining for mature RPE makers between iPSC-RPE and primary hfRPE. TEM imaging provided information regarding the localization of key subcellular structures but was limited by small sampling size and the presence of microtome cutting artifacts. Assessing phagocytic capability provided evidence that cellular functionality of retinal pigment epithelial cells was an important component of authentication. However, it is an insensitive cellular assay as it evaluates the collective phagocytic ability of individual cells and does not assess the polarization and maturation of the confluent monolayer. For example, aS-iPSC-RPE3 showed normal phagocytic capability ([supplemental online Fig. 4](http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2016-0037/-/DC1)), but TEM images revealed multiple cell layers ([supplemental online Fig. 2](http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2016-0037/-/DC1)) consistent with low TEP and R~t~ in our physiological assays ([supplemental online Fig. 6; supplemental online Table 2](http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2016-0037/-/DC1)). Thus, relying on phagocytosis as the only functional readout can be misleading and should be complemented by other physiological assays to authenticate iPSC-RPE.

For example, in [Figure 1D](#F1){ref-type="fig"}, fR-iPSC-RPE1-2 exhibits differential expression of ES-associated miRNAs compared with hfRPE, but these differences are undetected in the developmental and fetal gene expression analysis. In contrast, fR-iPSC-RPE1-4 (another clone from the same donor) shows higher expression of developmental genes compared with hfRPE, but fetal gene and ES-associated miRNA expression characteristic of hfRPE. These differences highlight clone-to-clone variability and further underscore the importance of including assays that more globally assess the functional characteristics of the entire RPE monolayer. In accordance with this, we found that measuring ATP-induced changes in intracellular Ca^2+^, membrane electrical responses, and fluid transport, concomitant with TEP and R~t~ in each assay, provided an accurate measure of iPSC-RPE functional responses to physiologically relevant stimuli.

The three functional measurements of the ATP-mediated responses assess the interactions of multiple proteins within the confluent electrically intact monolayer including protein expression, subcellular localization, protein-protein interaction, and intactness of signaling pathways. Activation by ATP mimics light onset and is therefore a critical sentinel of RPE health \[[@B22], [@B67]\]. Whereas outliers can be identified by uncharacteristic TEP, R~t~, calcium, or J~v~ responses, relatively small differences specify normal donor-to-donor and technical variation. For example, variability exists in the baseline resistances of all iPSC-derived RPE independent of the starting tissue (RPE or cornea, [supplemental online Table 2](http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2016-0037/-/DC1)). Similar to hfRPE, most (12 of 15) of the iPSC-RPE possessed baseline resistances (R~t~) \>300 Ω⋅ cm^2^. Using the ATP mediated responses to provide further discrimination between iPSC-derived RPE, most iPSC-RPE could be characterized as authentic.

These measurements can be reproduced in other laboratories using commercially available diagnostic tools such as the EVOM2 (World Precision Instruments, Sarasota, FL, <https://www.wpiinc.com>) and EasyMount Ussing Chamber System (Physiologic Instruments, San Diego, CA, <http://www.physiologicinstruments.com>) that can provide assessment of TEP and R~t~ as quantitative and functional markers of RPE authenticity. Low cost live-cell Ca^2+^ imaging equipment is also widely available and can be easily implemented. As shown in [Figure 5](#F5){ref-type="fig"}, cell-based assays that closely mimic physiological responses of the RPE monolayer provide the most sensitive functional readout of the state of the RPE. Active ion-linked fluid transport integrates a broad array of RPE activities that include the continual synthesis of signaling pathway proteins, tight junction, and plasma membrane proteins. This deeply coordinated set of events is fundamentally important for the maintenance of retinal pigment epithelial cell polarization, vectorial transport, and the homeostatic control of volume and chemical composition in and around the RPE following transitions between light and dark. Taken together, these functional assays (calcium imaging, electrophysiology, fluid transport) provide a sensitive metric to authenticate iPSC-RPE as a clinical product and to validate the manufacturing process for iPSC-RPE.

Conclusion {#s13}
==========

iPSC lines are capable of differentiating into authentic RPE that can be fully characterized by combining structural, molecular, and physiologically relevant functional assays to determine their suitability for transplantation. In these 15 iPSC-RPE, interdonor variance exceeds intradonor or epigenetic variance. This study establishes acceptable limits of variability among iPSC-RPE derived from different individuals. Based on the present data (selection criteria described above), we determined that the following RPE samples are optimal: aC-iPSC-RPE4-1, fC-iPSC-RPE1-2, and fR-iPSC-RPE1-3. These iPSC-RPE are from different aged donors and tissues, again illustrating no apparent epigenetic dependence on retinal pigment epithelial cell fate. We found that functional assays using the underlying signaling pathway molecules that mediate transepithelial fluid transport, driven by apical membrane purinergic or adrenergic receptors, provide the most sensitive readout of RPE polarization and authentication as they constitute a large set of proteins distributed throughout the monolayer that concomitantly regulate intracellular pH, calcium, and cell volume in and around the subretinal space. This set of physiological assays provides a necessary measure of RPE authenticity and an invaluable resource for transitioning iPSC-RPE to the clinic.
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